Background and purpose: Sacral intraosseous schwannomas represent a rare subset of schwannomas. The existing literature detailing the radiographic appearance of intraosseous schwannomas is limited. The aim of this study is to formally characterize the radiological appearance of sacral intraosseous schwannomas to differentiate them from other lytic lesions. Materials and methods: Imaging studies of 13 pathologically proven intraosseous schwannomas were reviewed from multiple institutions by fellowship-trained radiologists. A PubMed search was performed and identified four papers pertaining to the imaging characteristics of sacral intraosseous schwannomas. The results of these papers were compared to findings from our cases. Results: All tumors had heterogeneous signals and were predominately solid but cystic components with fluid-fluid levels were present. The tumors caused a mass effect but none infiltrated the surrounding soft tissues. Post-contrast T1-weighted images revealed heterogeneous enhancement in all 13 tumors and four possessed non-enhancing cysts. A literature review identified 16 other cases of sacral intraosseous schwannomas forming a total of 29 cases examined. Conclusions: Sacral intraosseous schwannomas should be considered in the differential diagnosis for both radiologists and pathologists when dealing with large expansile, lytic lesions, with well-defined sclerotic margins involving the sacrum. This is particularly important in middle-aged adults presenting with pathology centered around S2-3.
Introduction
Schwannomas are benign tumors that arise from neuroectodermal derivatives and have a phenotype that recapitulates Schwann cells. They have a predisposition to originate from sensory peripheral nerves and present as soft tissue masses. 1 Common locations include the skin or subcutaneous tissues of the head and neck as well as along the flexor region of the extremities.
Intraosseous schwannomas (IOS) represent an exceedingly rare subset of schwannomas, accounting for < 1% of benign bone tumors. 2 Characteristically, IOS arise within the medullary cavity of bones or from adjacent structures. Reported locations include the mandible, maxilla, spine, petrous apex and, uncommonly, the long bones of the extremities. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Of 165 IOS cases reviewed by Suzuki et al., 18 only 10 cases (6%) were found in the sacrum.
Several theories have been proposed to explain the intraosseous component of these tumors. The three most commonly accepted are: an extraosseous tumor that causes secondary erosion of adjacent bone, an intraosseous tumor arising within the osseous nutrient canal growing in a dumbbell-shaped configuration and causing secondary enlargement of the canal, or an intraosseous tumor originating purely within the medullary cavity of bone. 19 On imaging and histology, it may be difficult to determine if the tumor truly arises in the osseous substance, osseous nutrient canal or is extraosseous and secondarily involves adjacent bone. 20 The differential diagnosis of lytic sacral lesions includes, but is not limited to, metastasis, lymphoma, giant cell tumor (GCT) of bone, chordoma and Tarlov/ perineural cyst. The variability in the treatment and prognoses of these conditions accentuates the importance of accurate identification of imaging features that will help with their diagnosis.
To our knowledge, prior literature regarding sacral IOS includes small case series or case reports. [21] [22] [23] [24] The present study analyzes 13 cases of sacral IOS, the largest published series to date, and compares our imaging findings with those previously published in the literature. The aim of this study is to formally characterize the imaging appearance of sacral IOS to differentiate them from other lytic lesions of the sacrum.
Materials and methods
An institutional database search was performed to identify all cases of pathologically proven IOS presenting between 1995 and 2017. Cases were obtained from the institutions of two authors (JJ and GPN). Institutional Review Board requirement for informed consent was waived, because this is a retrospective study without any identifiable patient information.
Imaging studies available on each patient were reviewed independently all deidentified images and then compared their findings, in a blinded fashion by three radiologists, each specializing in musculoskeletal imaging (JJ with 15 years of experience, TS with nine years of experience, NN with six years of experience). The studies included radiographs on two patients and cross-sectional imaging on all 13 patients (computed tomography (CT) scans of the pelvis were available for 10 patients and magnetic resonance imaging (MRI) with and without gadolinium-based contrast were available for eight patients.) The location in the sacrum and size and dimensions were recorded for all tumors. Plain radiographs and CT scans were analyzed for the lytic or blastic nature of the lesions, solid or cystic components, density measured in Hounsfield Units, quality of margins and presence of internal mineralization or pathologic fracture. Signal intensity and contrast enhancement on T1-W and T2-W MRI was recorded for all available cases. Clinical information pertaining to patient age, gender, signs/symptoms on presentation, tumor location within the sacrum, tumor size (determined by the largest diameter of the tumor in any plane), treatments performed and complications were taken from the electronic medical record.
A search of PubMed was performed to identify other published cases of sacral IOS with which to compare our series. On 15 January 2017, we searched using the terms 'sacrum,' 'intraosseous,' and 'schwannoma,' and included papers that provided sufficient demographic, imaging and clinical information of sacral IOS for comparison with our series. Two such papers were identified from this search. 22, 24 The bibliographies of these papers were reviewed and identified an additional two papers that were included in this study. 21, 23 Of note, one additional series of 13 cases of IOS was found; however, the study was not included in our literature review because of the limited imaging information presented in the paper. 25 In total, we included four papers in our review with a total of 16 cases of sacral IOS. Together with the 13 cases from our institutions, this made up the 29 total cases examined in this study. Oneway analysis of variance was used to compare average age and tumor size between our series and other published cases. A normal distribution of variables was confirmed using the Shapiro-Wilk test and homogeneity of variance was confirmed using Levene's statistic. Independence of observations is confirmed as there are no overlapping patients between the studies. Radiographic findings among the current series and other published cases of sacral IOS are compared qualitatively. Statistical analyses were conducted with SPSS version 22 (Armonk, NY).
Results

Demographics
This series includes 13 pathologically proven IOS of the sacrum ( Table 1 ). The patients included seven males and six females (age 25 to 80 years, mean 49.9). There was no significant difference in average age (p ¼ 0.810) or size (p ¼ 1.88) at diagnosis between our series and other reported studies and there was no gender predilection in the total population (males ¼ 15, females ¼ 14, total n ¼ 29).
Clinical presentation
The most common presenting symptom was low back pain (LBP), which occurred in 13 of 29 cases (45%). The second-most common presentation was LBP with radiculopathy in nine of 29 cases (31%) presumably due to tumor compression of lumbar and sacral nerve roots. However, nine of 29 cases (31%) were reportedly asymptomatic as their tumors were incidentally discovered during unrelated imaging. In the present series, some of the largest masses presented incidentally suggesting that sacral IOS may be more indolent biologically compared to other types of sacral masses and are not symptomatic until they affect nearby structures (Table 1) .
Imaging features
Observations regarding the size and location and the general characteristics of sacral IOS are presented in Tables 1 and 2 , respectively. Overall, the tumor location was predominantly eccentric, 16 of 29 cases (55%). In all cases (29/29, 100%), the S2 and S3 vertebral bodies were involved by tumor. The tumors ranged 
À Displaces/compresses but does not invade surrounding soft tissue structures 
À LBP with radiculopathy (6/6 ¼ 100%)
47.8 (20) Plain radiographs were available for review in only two of the 13 cases and CT scans were available in all 13 cases. Table 2 presents a summary of general imaging and CT scan characteristics. Most tumors in Table 3 . MRI Descriptions. 
6 À Heterogeneous (6/6 ¼ 100%) this series were solid and expansile with sclerotic margins and preserved fat planes (Figures 1a-c) . T2-and T1-weighted and T1-weighted post-contrast MRIs were available in eight of 13 cases. Summaries of these studies are presented in Table 3 . All the tumors had heterogeneous signals and were predominately solid but cystic components with fluid-fluid levels were present in 4/8 (50%) cases (Figures 2a-c) . The tumors caused a significant mass effect and, in some cases, caused significant distortion of the bone but none infiltrated the surrounding soft tissues (Figures 3a-c) . Intra-tumoral cystic changes attributable to internal necrosis, high extracellular water content and extracellular matrix with high water and protein content were defined on MRI as hypointense signal relative to muscle on T1-weighted sequences, hyperintense on T2/ fluid-sensitive sequences and thin peripheral enhancement. Only 1/29 (3%) subject demonstrated MRI findings of internal hemorrhage (hyperintense T1-weighted signal). Post-contrast T1-weighted images revealed heterogeneous enhancement in all eight tumors and four possessed non-enhancing cysts (Figures 4a-c) . Overall, the most commonly shared features are: bone expansion 27/29 (93%), internal cystic changes/ cyst-like appearance 19/29 (66%), sclerotic well-defined margins 15/29 (52%) and tumor involvement of the intervertebral disc 15/29 (52%). Internal mineralization was not identified radiographically in any specimen 0/29 (0%).
Sample IOS cases are presented in Figure 6 and Figure 7 .
Pathology and histology
Definitive pathologic diagnosis was obtained on all samples and interpretations rendered by expert pathologies in the field of soft-tissue tumors. Pathologically the tumors exhibited the features characteristic of schwannomas and are therefore indistinguishable from their soft tissue schwannoma counterparts (Figures 5a-d) . Briefly, the tumor was composed of benign spindle cells that varied in cellularity with nuclear palisades. Immunohistochemistry documented that the tumor cells are strongly positive for S100. Determination of the intraosseous origin of the tumor was based on the imaging and gross findings.
Treatment
Surgical resection was performed in 5/13 (38%) of our cases, the others were lost to follow up and thus did not undergo definitive surgical intervention. The most common complication was radiculopathy in 2/13 (15%) patients. The treatments performed in the literature varied from intra-lesional curettage to high sacral resection (Table 4) .
Discussion
The 13 cases in this series represent the largest reported series of IOS of the sacrum. To better characterize the radiographic and clinical presentation of these lesions, we combined our findings with those of previously published cases in the literature to create a total of 29 histologically proven sacral IOS cases.
Sacral IOS typically occur in middle-aged patients, without any predilection for gender. The most common presenting symptom is LBP, which occurred in 45% (13/29) of the cases in our series. Nevertheless, 31% of the tumors were asymptomatic and, in our study, there was no correlation between tumor size and symptomatology. The most common complications caused by the tumors included radiculopathy in 31% (9/29) of patients from compression of lumbar and sacral nerve roots and compressive symptoms (constipation, urinary bladder dysfunction, etc.) in 14% (4/29) of patients. Most of the patients from our institutions were treated surgically, ranging from intra-lesional curetting to sacral resection.
Although these tumors are identical to their soft-tissue counterparts on histology, sacral IOS exhibit several imaging characteristics that are suggestive of the diagnosis. All 29 cases demonstrated indolent growth features without invasion of surrounding soft tissue structures. They are typically expansile (93%, 27/29), eccentrically located (55%, 16/29), large (mean mass size of 8.2 cm) and invariably involve the S2 and S3 vertebral bodies (100%, 29/29).
On plain radiographs and CT, sacral IOS appears as a lytic, expansile mass with a large extraosseous softtissue component. It has a narrow zone of transition with lobulated firm, sclerotic margins. There is no demonstrable internal hemorrhage or mineralization and no associated periosteal reaction.
On MRI these tumors are homogeneously hypo-to isointense to skeletal muscle on T1-WI and are heterogeneously hyperintense to skeletal muscle on T2-WI. There can be internal cystic components, a finding associated with degenerated or ancient schwannomas 33 that are non-enhancing on T1-weighted post-contrast sequences. Sacral IOS are rare tumors and, as such, more common etiologies such as chordomas and GCT must first be considered as they account for approximately 40% and 13%, respectively, of primary sacral tumors. Nonetheless, sacral IOS have some characteristic imaging findings that can suggest the diagnosis and should be an important differential consideration for both radiologists and pathologists alike in patients with a large expansile lytic sacral mass. Most cases of sacral IOS are treated by curettage and overall results are favorable due to preservation of sacral nerve roots. The rate of recurrence, however, is high at around 
Sacral chordoma
Sacral chordomas are usually large, destructive and may contain amorphous internal calcifications, hemorrhage or septations, and are often disproportionally larger than the degree of bone destruction. 30 
Sacral chondrosarcoma
Sacral chondrosarcomas are also typically large and destructive. On CT they often present with mineralized chondroid matrix and lobulated T2 hyperintense cartilaginous tissue and internal fluid signals. T1-WI pre-and post-contrast demonstrate the characteristic peripheral and septal enhancement with central areas of non-enhancement representing necrosis and hyaline cartilage. 31 
GCT
GCT of bone is a locally aggressive intraosseous bone tumor containing osteoclast-like giant cells. 29 Patients with GCT are typically younger than those with sacral IOS, aged an average 20-30 years vs. 50 years, respectively. 21 GCT is lytic; however, it often lacks the welldefined sclerotic border that is common in sacral IOS. On MRI, GCT of bone exhibits heterogeneous internal signal on T2-WI due to internal hemosiderin or fibrosis and often has necrotic areas on post-contrast images. Gradient echo sequences may help detect internal blood products in GCT of bone, 29 which is also helpful in distinguishing from IOS.
Osseous metastasis
The imaging characteristics of metastatic disease to the sacrum will be dependent on the malignancy of origin. Nevertheless, metastatic lesions, in general, will exhibit more aggressive imaging features than IOS. Metastatic lesions will often lack the lobulated sclerotic rim of IOS on CT scan, will have more aggressive bone destruction and will often present with more than osseous lesions in the setting of a primary malignancy.
Osseous lymphoma
Around 20-30% of lymphomas manifest extranodally, where they can be easily distinguished from sacral IOS by the numerous skeletal lesions. However, primary lymphoma of bone accounts for approximately 5% of primary bone tumors. In these cases it can be differentiated from IOS by its infiltrative nature on CT with a lack of smooth sclerotic margins. 27, 28 Tarlov cyst Tarlov cysts are also known as perineural root sleeve cysts. They are dilations of the arachnoid and dura that present as a thin-walled non-enhancing CSF-filled cystic mass along the spine. The lesion may cause foraminal widening and remodeling. On CT these lesions are purely cystic and thus have lower Hounsfield Units than sacral IOS (approximately 10 vs. 28-37, respectively). On MRI these cysts are more homogenous on T2-WI sequences and demonstrate thin peripheral enhancement. 32 
Conclusion
Sacral IOS are rare bone tumors. Presenting complications are mostly related to radiculopathy and compressive symptoms (i.e. LBP, constipation, bladder dysfunction). Treatment options vary from intralesional curettage procedures to sacral resection. Although there are far more common tumors involving the sacrum, this entity should be considered as an important differential diagnosis for both radiologists and pathologists dealing with large expansile lytic lesions lesion with well-defined sclerotic margins involving the sacrum, particularly in middle-aged adults and particularly when centered at S2-3. 
